Rats pressed levers for Noyes pellets or keys for sweetened condensed milk reinforcers delivered by multiple schedules. Session length and baseline rates of reinforcement were varied in two experiments. Rates of responding increased during the early part of the session and then decreased for both responses and reinforcers, as weIl as for all subjects and values ofthe independent variables. Changes in response rates across the session sometimes exceeded 500%. Response rates peaked approximately 20 min after the beginning of the session, regardless of session duration, when subjects responded on a multiple variable intervall-min variable intervall-min schedule. The function was flatter for longer sessions than it was for shorter sessions. The function was flatter, more symmetrical, and peaked later for lower rates ofreinforcement than for higher rates of reinforcement. The function appeared early in training, and further experience moved and reduced its peak. Variables related to reinforcement exerted more control over some aspects ofthis function than did variables related to responding. These within-session patterns ofresponding may have fundamental implications for experimental design and theorizing.
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Absolute rate of responding is one of the primary dependent variables in operant psychology. Given its importance, it is surprising that little is known about the way in which response rates change across experimental sessions.
Preliminary infonnation on this topic was provided by McSweeney, Hatfield, and Allen (1990) . In their study, rats pressed levers for Noyes pellets or pressed keys for sweetened condensed milk delivered by a multiple variable interval l-min variable interval l-min (multiple VI l-min VI l-min) schedule. The components ofthe multiple schedule alternated every 5 min. Rates of responding increased for the first 20 min of the 6O-min experimental session and then decreased. This bitonic function occurred for both responses and both reinforcers, as well as for each subject. The change in response rate was large. For example, the rate of keypressing averaged 15.7 and 27.5 responses per minute for the first and last 5 min of the session, respectively. It averaged 70.0 responses per minute at its peak.
The bitonic functions reported by McSweeney et al. have many implications. First, they imply that the rate of responding averaged across the session-one of the primary dependent variables in operant psychologymasks large and reliable regularities in animal behavior, at least in some cases. Therefore, this molar measure must Copyright 1992 Psychonomic Society, Inc.
be supplemented by more molecular measures for a complete theory of behavior to emerge.
Second, the bitonic function may help to clarify some theoretical issues. For examp1e, some theories predict that response rates will increase monotonically with increases in their rates of reinforcement (e.g., Hermstein, -1970) . Other theories predict that response rates should increase with increases in reinforcement up to a point and then decrease with further increases (e.g., Baum, 1981; Staddon, 1979) . The fact that responding changes within sessions implies that there may be more than one answer to this question. For example, response rates might increase monotonically with increases in the rates of reinforcement during some parts of the session but not during others.
Third, the within-session patterns of responding reported by have methodological implications. Experiments are often conducted so that session length covaries with the independent variable. For example, when studying the effect of rate of reinforcement on rate of responding, the experimenter must allow either session length or number of reinforcers delivered per session to covary with rate of reinforcement. Session length is often varied (e.g., Catania & Reynolds, 1968) , because varying the number of reinforcers rnight produce systematic changes in satiation. However, allowing session length to covary with the independent variable may also yield uninterpretable average rates of responding if response rates change systematically across the session. If, for example, response rates declined across the session, then shorter sessions might yield higher average rates of responding than might longer sessions. The effect of the independent variable on the average rate of respond- ally decreased until the subjeets responded on a VI 30-sec schedule. They were then placed on the experimental procedure. The experimental procedure presented a multiple schedule in which the components alternated every 5 min. The lights above the right lever were illuminated during the first component, but not during the second. Reinforcers consisted of one 45-mg Noyes pellet and were scheduled for pressing the right lever, according to a 25-interval FIeshier and Hoffman (1962) series. Sessions ended when 12 components had been presented (60 min). Sessions were conducted five to six times per week. The houselight was illuminated throughout the session.
The subjects began the experiment responding on a multiple VI 30-sec VI 30-sec schedule. They were then placed on a multiple VI 2-min VI 2-min, a multiple VI 4-min VI 4-min, a multiple VI 15-sec VI 15-sec, and a multiple VII-min VII-min schedule. The subjects responded on each schedule for 30 sessions.
Results and Discussion Table 1 presents the mean rates of responding by each subject during each schedule. Rates are reported in responses per minute and have been calculated by dividing the total number of responses during a session by the total session time minus the time for which the magazine was available. The means are the average of the rates during the last five sessions for which each schedule was available. Table 1 shows that responding did change with changes in the schedule. A one-way within-subjeet analysis of variance (ANOVA) applied to these response rates was significant [F(4, 16) = 4.49]. Here and throughout this paper, results will be considered to be significant when p < .05.
In general, response rates increased with increasing rates of reinforcement. The results of 1 tests for matched pairs showed that the rate of responding during the multiple VI 4-min VI 4-rnin schedule was significantly lower than that during each of the other schedules except the multiple VI 6O-sec VI 6O-sec [1(4) = 2.24, for multiple VI 15-sec VI 15-sec; 1(4) = 3.03, for multiple VI 30-sec VI 30-sec; 1(4) = 4.04, for multiple VI 2-rnin VI 2-rnin).
Responding decreased again at the highest rate of reinforcement. The rates of responding during the multiple VI 15-sec VI 15-sec schedule were significantly lower than those during the multiple VI 30-sec VI 30-sec schedule [1(4) = -3.92]. This decrease in responding at very high rates of reinforcement is frequently observed (e.g., Dougan & McSweeney, 1985; McSweeney & Melville, 1990) and is consistent with several theories (e.g., Baum, 1981; Staddon, 1979) . ing would not be interpretable if sessions of different length were condueted for different values of the independent variables.
Finally, within-session patterns of responding have implications for the use of within-session procedures. Withinsession procedures present different aspects of an independent variable in different parts of a single experimental session rather than in different sessions (e.g., Heyman, 1983; McSweeney & Melville, 1990; Staddon, 1967) . Such procedures are useful because the large shifts in the baseline response rates that can occur across sessions do not add variability to their data (e.g., McSweeney, Dougan, Higa, & Farmer, 1986; Spealman & Gollub, 1974) . Such procedures also save time. All values of the independent variable are conducted at once, rather than successively. Saving time is always convenient. It may also be necessary when examining the behavior of a species of animal with a short lifespan such as the rat. However, the effect of the independent variable will also be difficult to interpret if the within-session procedure presents different values of its independent variable at times within the session that control different response rates.
The factors that control within-session patterns of responding deserve study because of the large size of the effect, its reliability across subjects, responses and reinforcers, and its potential theoretical and methodological implications. The present experiments examine two factors that rnight control these patterns: rate of reinforcement and session length. Experiment 1 repeats McSweeney et al.' s (1990) experiment on leverpressing but varies the baseline rate of reinforcement. Experiment 2 repeats their experiment on keypressing but varies session duration.
EXPERIMENT 1
Experiment 1 exarnined within-session patterns of responding as a function of rate of reinforcement when rats press levers for Noyes pellets.
Method
Subjects. The subjects were 5 experimentally naive rats, from Sprague-Dawley stock, bred in the Johnson Tower Vivarium at Washington State U niversity. They were approximately 120 days old at the beginning of the experiment and were maintained at approximately 80% of their free-feeding body weights.
Apparatus. The apparatus was a standard two-Iever experimental enclosure for rats (20 x 24.5 x 24.5 cm). A 5 x 5.s cm opening, which allowed access to food reinforcers (45-mg Noyes pellets), was centered on the front panel, 0.5 cm above the floor. Two 4 x 1.5 cm levers were located 2.5 cm from this opening, one on each side. The levers were 5 cm above the floor and extended 1.5 cm into the enclosure. A light (2 cm in diameter) was located 2.5 cm above each lever. A third light (2 cm in diameter) was centered in the front panel, 4 cm from the ceiling. The houselight (2 cm in diameter) was located in the center of the ceiling. The apparatus was enclosed in a sound-attenuating chamber. A ventilating fan masked noises from outside of the apparatus. A SYM microcomputer, located in another room, presented the experimental events and recorded data.
Procedure. The subjects were shaped by successive approximations to press the right lever. The rate of reinforcement was gradu- Experiment 2 examined within-session patterns of responding as a function of session length when rats press keys for sweetened milk reinforcers.
EXPERIMENT 2 VI 15-sec schedule, the subjects' highest proportion of total responses was during the first or second component. For the multiple VI 4-min VI 4-min schedule, the subjects' highest proportion of total responses was during the sixth component. Figure 3 presents the proportion of the total-session responses during successive components for the first recorded session of training (circles) and for the mean of the last five sesions of responding (triangles) for the multiple VI 30-sec VI 30-sec schedule. Data are plotted for the mean of all subjects. Data have been presented for the multiple VI 30-sec VI 30-sec schedule because it was the first schedule presented to the subjects. Only sessions of shaping preceded the first session with this schedule. Figure 3 shows that the bitonic function was present as early in training as the first recorded session. The effect of further training was to flatten the function and to move its peak.
The results presented in Table 1 show that the mean response rates calculated over the entire session decreased at the highest programmed rate of reinforcement. The question arises whether response rates would increase as a monotonic function of rate of reinforcement if the changes in response rates across the session were prevented. Figure 4 answers this question. It presents the average rate of responding over the whole session (Table 1) , plotted as a.function of the programmed rate of reinforcement. These data appear on the top left axes and are labeled MEAN. It also presents the mean rates of responding during the 1st, 3rd, 9th, and 12th components, plotted as a function of the programmed rates of reinforcement. These results appear on the other set ofaxes. All results are those for the mean of all subjects. Figure 4 shows that response rates increased monotonically with increases in the rate of reinforcement during the first component. Response rate declined at the highest rates of reinforcement for aß other components. This suggests that the factors that produce the decrease in responding at the highest rate of reinforcement are not present at the beginning ofthe session. The exact nature ofthese variables is not known because, as will be discussed, the factors that produce the present changes in responding across the session are not known.
Subjects. The subjects were 5 experimentally naive rats from Sprague-Dawley stock, bred in the Johnson Tower Vivarium at Washington State University. They were approximately 120 days old at the start of the experiment and were maintained at approximately 80% of their free-feeding body weights.
Apparatus. The apparatus was a 21 x 2 1.5 x24 cm endosure, equipped with alever and a key. An opening (6 cm in diameter) allowed access to a dipper. The opening was centered in the panel,
0.10 1000 Figure 1 . The proportion of total-session responses during successive components for tbe mean of alI subjects responding in Experiment 1. Each function presents tbe resuIts for a particuIar scbedule. Results bave been averaged over aII subjects and over tbe last five sessions for wbicb eacb scbedule was presented. Figure 1 presents the proportion of total-session responses during successive components for the mean of aß subjects responding on each ofthe five schedules. Proportions have been calculated by dividing the number of responses during a component by the total number of responses during the session. The results are those for the mean of the last five sessions for which each schedule was available. Figure 2 shows that the results presented in Figure 1 also represent those for individual subjects. It presents the proportion of the total-session responses by individual subjects during successive components within the session. Each set ofaxes presents the results for a particular schedule. Each function presents the results for a single subject. All proportions are the means of those recorded during the last five sessions for which each subject responded on each schedule. Figures 1 and 2 show that the bitonic function became flatter as the programmed rate of reinforcement decreased. For example, the proportions reported in Figure 1 varied from 0.02 to 0.15 for the multiple VI 15-sec VI 15-sec schedule, but they varied from only 0.07 to 0.11 for the multiple VI 4-min VI 4-min schedule.
The functions also became more symmetrical around the middle of the session as the programmed rate of reinforcement decreased. Wilcoxon signed ranks tests showed that the subjects responded significantly more during the first half of the session than they did during the second half for the VI 15-sec (p = .04), VI 30-sec (p = .04), and VI 6O-sec (p = .04) schedules. The proportion of responses during the two halves did not differ significantly for the VI 2-min (p = .07) or the VI 4-min (p = .89) schedules.
Figures 1 and 2 also show that the peak rate of responding occurred later in the session as the programmed rate of reinforcement decreased. For the multiple VI 15-sec 9.JOClEB8NE 0Q.flQ8lT8 Figure 2 . The proportion of total-session reliponses by individual subjects during successive components for each schedule conducted in Experiment 1. Each set of Deli presents the results for a particular scbedule. Each function presents the results for an individual subject. All proportions are the mean over the last five sessions for which each schedule was conducted. 4 cm above the floor. A 5-W light (2 cm in diameter) was located 3 cm from each side of the panel and 5.5 cm from the top. The left light was clear, and the right light was opaque. A key (2.5 cm in diameter) was located 2 cm below the left light. A 3.5-cm lever, which extended 2 cm into the chamber, was located 3 cm below the right light.
The apparatus was enclosed in a sound-attenuating chamber. A ventilating fan masked noises from outside ofthe apparatus. A SYM microcomputer. located in another room, presented the experimental events and recorded the data.
Procedure. The procedure was identical to that of Experiment I. with the following exceptions. The subjects pressed a key for reinforcers delivered by a multiple VII-min VI I-min schedule. Reinforcers consisted of 5 sec of access to sweetened condensed milk, mixed one to one with water. Finally, session length was varied by varying the length of the components. The following session lengths were conducted in the following order: 60 min (300 sec). 30 min (150 sec). and 90 min (450 sec). The component duration used to produce that session length appears in parentheses after the session length. The subjects responded on each session duration for 30 sessions. Table 2 presents the mean rates of responding during the session fOT each ofthe session lengths. Response rates have been calculated as they were for Table I . A oneway within-subject ANOV A showed that response rates changed significantly with session length [F(2,8) sessions. Figure 5 presents the proportion of total-session responses during successive components for the mean of all subjects responding at each session length. Proportions have been calculated over all subjects and over the last five sessions for which each session length was available. Figure 6 shows that the results presented in Figure 5 represent those for individual subjects. It presents the proportion of the total-session responses during successive components by individual subjects. Each set ofaxes presents the results for a particular session length. Individual functions present the results for individual subjects responding over the last five sessions for which that session length was available.
Results and Discussion
Figures 5 and 6 show that responding peaked during later components for the shorter sessions than for the longer sessions. As a result, peak response rates occurred approximately the same number of minutes after the beginning of the session, regardless of session length. According to Figure 6 , responding peaked between 12.5 and 22.5 min (Components 6-9) for the 30-min sessions, between 15 and 20 min (Component 4) for the 6O-min sessions, and between 15 and 37.5 min (Components 3-5) for the 9O-min sessions.
The functions reported in Figures 5 and 6 were tlatter for longer sessions than they were for shorter sessions. The proportion of responses during the components in Figure 5 varied from 0.02 to 0.11 for the 30-min sessions. They varied from only 0.05 to 0.11 for the 60-and 90-min sessions.
The functions were also more symmetrical around the middle of the session for intermediate session durations (60 min) than they were for shorter and Ionger sessions. Wilcoxon signed ranks tests showed that the proportion of responses during the first and second halves of the sessions differed significantly for the 30-min (p = .04) and 9O-min (p = .04) sessions, but not for the 6O-min sessions (p = .08). There were more responses during the second half ofthe session than there were during the first half of the session for the 3G-min sessions. There were more responses during the first half than there were during the second half for the 9O-min sessions. Figure 7 presents the proportion ofthe total-session responses during successive components for the first recorded session of training (circles) and for the mean of the last five sessions of responding (triangles) for the subjects responding during the 6O-min sessions. The results are those for the mean of all subjects. Data have been presented for the 6O-min sessions because the subjects responded first on these sessions. They were preceded only by earlier sessions of shaping. Figure 7 shows that the bitonic funetion was present even during the first recorded session.
The effect of further training was to tlatten the function and to move its peak.
GENERAL DISCUSSION
The present results add to those of in showing that responding changes in an orderly way within sessions, at least when rats press levers or keys for food reinforcers delivered by multiple schedules. Response rates increased up to a point and then decreased. This change in response rates was large. The other axes present response rates Ior the 1st, 3rd, 9th, and 12th eomponents. All results are those for the mean or a11 subjects averaged over the last five sessions for whieh eaeh schedule was available. the multiple-schedule literature. Although preliminary results indicate that the function has some generality, only further experiments can deterrnine whether these conclusions also apply to the results produced by other procedures.
SUCCESSIVE~ENTS
The present results suggest that future studies should use caution when allowing session length to covary with their independent variable, at least when rats press keys for food reinforcers. Rates of pressing changed significantly with moderate changes in session length. For example, the overall rate of responding during the session almost doubled when the session was lengthened from 30 min (mean = 36.9 responses per minute) to 60 min (mean = 64.8 responses per minute). Such large changes in response rates could make the effect of the independent variable impossible to interpret. Figure 4 shows that the pattern of responding within sessions may have confused the answer to some theoretical questions. It shows that the rates of responding at the beginning of the session increase monotonically with increases in the rate of reinforcement, confirming some theories (e.g., Herrnstein, 1970) . Responding later in the session increases up to a point and then decreases, confirrning other theories (e.g., Baum, 1981; Staddon, 1979) . These results suggest that whatever factors produced the decline in response rates at the highest rates of reinforcement were not present at the beginning of the session. Future experiments should determine the nature of these factors. As will be discussed, none of the factors that produced the present changes in response rates across the session are known at this time. Future experiments should also determine whether within-session patterns of responding have confused the interpretation of the effect of other independent variables, such as reinforcer size or delay.
The present results imply that within-session procedures should be used with caution. Figure 1 suggests that withinsession procedures are more reasonably used for lower rates of reinforcement (30 reinforcers per hour or lower) than they are for higher rates when rats press levers. Figure 5 suggests that within-session procedures are more reasonably used when sessions are 60 min long than when they are 30 or 90 rnin long when rats press keys. According to Figures 1 and 5 , responding is more evenly distributed throughout the session for intermediate session lengths and lower rates of reinforcement. Therefore, within-session procedures may not confuse the effect of the independent variable with within-session changes in responding if they employ intermediate session lengths and lower rates of reinforcement. However, again, because the generality of the present results is not known, the precise lirnitations of the within-session procedures are not known. These lirnitations will undoubtedly depend on many aspects of the experimental design. For example, the inclusion of timeouts during the session may change the present bitonic function in unknown ways.
The present bitonic function emerged in spite of, rather than because of, the distribution of reinforcement across the session. The present VI schedules program a flat dis- both responses and reinforcers, as weIl as for all subjects, rates of reinforcement, and session durations. The change in response rates appeared in steady-state behavior as weIl as in responding early in training.
Because of the size and reliability of this effect, the results have important implications for the behavior of rats pressing levers or keys for food reinforcers delivered by multiple schedules. The implications of these results for other literatures are not known because the generality of the bitonic function is not known. Some evidence indicates that the bitonic function is somewhat general. The results of the present study and those of indicate that it occurs for two different responses, two different reinforcers, and several different rates of reinforcement and session durations. The function has also been observed when pigeons peck keys on concurrent schedules or press treadles on positive conditioned suppression procedures (McSweeney & Hinson, in press ). On the other hand, the bitonic function rnight be larger for multiple schedules than for other procedures. For exampIe, changes in the discriminative stimuli provide cues to time in the session on multiple schedules that are not present on other schedules. The discussion that foIlows will examine the implications of the present findings for Figure 6. The proportion of total-session responses by individual subjects during sueeessive eomponents for each session Iength in Experiment 2. Each set ofaxes presents the results for a partieular session length. Each function presents the results for an individual subject. Proportions have been averaged over the last five sessions for which eaeh session length was available.
tribution of reinforeement aeross the session. Nevertheless, abitonic funetion related responding to time in the session. However, the distribution of reinforeement may have influeneed the bitonie funetion. Figures 3 and 7 showed that the bitonie funetion appeared early in training. The effeet of further training was to flatten the function and to move its peak. The flat distribution of reinforeers aross the session may have flattened the funetions. This idea eould be tested by examining the effect of other distributions of reinforeers on the present funetions.
The faetors that produeed the present funetions should be determined. Two variables have traditionally deseribed performance decrements in similar situations: fatigue and satiation. Results similar to the ascending limb of the funetion have also been observed in two situations. First, priming has been observed when electrieal brain stimulation is used as the reinforcer. Priming refers to the fact that subjeets may not respond for eleetrical brain stimulation until some free reinforeers have been given (e.g., Olds, 1956; Olds & Milner, 1954) . Second, warm-uphas been reported in many literatures. These literatures include those on the following eonditioning phenomena: discriminated avoidanee (e.g., Foree & LoLordo, 1970; Hoffman, Fleshler, & Chomy, 1961) , Sidman avoidance (e.g., Powell, 1970; Wertheim, 1965) , punishment (e.g., Azrin, 1960; Azrin, Holz, & Hake, 1963; Hake & Azrin, 1965; Hake, Azrin, & Oxford, 1967) Figure 1 provides critical data about the steepness of the descending limb of the function. The subjeets responded faster on the multiple VI 3ü-sec VI 3ü-sec schedule (mean = 52.0 responses per minute) than they did on the multiple VI 15-sec VI 15-sec schedule (mean = 35.1 responses per minute), but they coUected more reinforcers from the multiple VI 15-sec VI 15-sec schedule than from the multiple VI 30-sec VI 30-sec schedule. Figure 1 shows that the descending limb of the function was steeper for the multiple VI 15-sec VI 15-sec schedule. This suggests that higher rates of reinforcement contribute more to producing a steep function than do higher rates of responding.
The results presented in this paper raise more questions than they answer. The form of the present bitonic function should be quantified, and the factors that control this function should be determined. The generality of the bitonic funetion for different schedules, species, reinforcers, responses, and procedures should be determined. Finally, the implications of the present functions for theories of operant behavior should be investigated. Most theories use rate of responding averaged across the session as their dependent variable. Because the present results show that the average rate of responding may mask strong regularities in behavior at a more molecular level the present results suggest that many theories of operant behavior are incomplete. Ozolins, 1970), and conditioned emotional response procedures (e.g., Rubin & Brown, 1969) . The early trials for such tasks as psychophysical procedures (e.g., Hodos, Leibowitz, & Bonbright, 1976) or generalization tests (e.g., Griffin & Stewart, 1977) may also be discarded as warm-up. The relation between the present results and these historical observations is not known. Fatigue has not been a useful concept when describing the literature on human perfonnance decrements (e.g., Muscio, 1921) . It includes the effect of too many variables (e.g., effects at the neural, muscular, and central levels; effects resulting from overload with those resulting from underload, such as boredom). Except for warm-up for avoidance (e.g., Hineline, 1978a Hineline, , 1978b , neither priming nor warm-up has been studied in systematic detail. However, what is known suggests that priming and warm-up for avoidance are not related to the present function. For example, priming is not found for all subjects. The ascending limb of the present funetions is found reliably for all subjects. The duration of warm-up for avoidance is highly variable across subjects (e.g., Badia, Culbertson, & Lewis , 1971) . The ascending limb of the present functions ended at approximately the same time for all subjects. Warm-up for avoidance may also fall to appear in measures of response rate. Warm-up for avoidance refers to the fact that subjects may receive a large proportion of their total session shocks in the first few minutes ofthe session (e.g., Powell, 1970) . Interestingly, large changes in the number ofshocks have been reported in the absence of any change in response rate (e.g., Leander, 1973; Powell & Peck, 1969) . The present effect is just the opposite. It represents a change in the rate of responding in the absence of a change in the rate of reinforcement.
Although the variables that produced the present functions are unknown, the present data can help to separate
